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Summary
In Chinese hamster ovary cells, microtubules originate at the
microtubule organizing center (MTOC) and grow persis-
tently toward the cell edge, where they undergo catastrophe
[1]. In axons,microtubule dynamicsmust be regulated differ-
ently because microtubules grow parallel to the plasma
membrane and there is no MTOC. GFP-tagged microtubule
plus end tracking proteins (+TIPs) mark the ends of growing
neuronal microtubules [2]. Their fluorescent ‘‘comet-like’’
pattern reflects turnover of +TIP binding sites [3, 4]. Using
GFP-tagged +TIPs and fluorescence-based segmentation
and tracking tools, we show that axonal microtubules grow
with a constant average velocity and that they undergo
catastrophes at random positions, yet in a programmed
fashion. Using protein depletion approaches, we find that
the +TIPs CLIP-115 and CLIP-170 affect average microtubule
growth rate and growth distance in neurons but not the dura-
tion of a microtubule growth event. In N1E-115 neuroblas-
toma cells, we find that EB1, the core +TIP [5], regulates
microtubule growth rate, growth distance, and duration,
consistent with in vitro data [6]. Combined, our data suggest
that CLIPs influence the axonal microtubule/tubulin ratio,
whereas EB1 stimulates microtubule growth and structural
transitions at microtubule ends, thereby regulating microtu-
bule catastrophes and the turnover of +TIP binding sites.
Results and Discussion
Kymotracker: A Tool to Analyze the Behavior of Dynamic
Neuronal Microtubules
Microtubules (MTs) are constructed from a/b-tubulin subunits,
which assemble in a head-to-tail fashion into a hollow fiber
consisting of 13 protofilaments. Each MT has a fast-growing
plus end and a slow-growing minus end. MT plus ends switch
between phases of polymerization and depolymerization,
a behavior termed dynamic instability [7]. The switch from
growth to shrinkage is called catastrophe, whereas the switch*Correspondence: n.galjart@erasmusmc.nl
4Present address: Department of Cell Biology, Helmholtz Zentrum fu¨r Infek-
tionsforschung, Inhoffenstrasse 7, 38124 Braunschweig, Germanyfrom shrinkage to growth is called rescue. In many nonneuro-
nal cell types, MTs originate at the MT organizing center
(MTOC) and subsequently grow toward the cell edge without
undergoing catastrophe [1]. Physical constraints at the cell
edge can induce catastrophes [8]. In neurites, MTs grow
parallel to the plasma membrane, and there is no MTOC.
Instead, plus ends of stable MTs, located throughout the
neurite, appear to act as the main nucleating centers for new
MT growth [9]. In dendrites, MTs are orientated in a ‘‘bipolar’’
manner, whereas axonal MTs are uniformly polarized, with
plus ends pointing toward the growth cone [10].
MT plus end tracking proteins, or +TIPs [11], specifically
accumulate at the ends of growing MTs and are therefore in
a strategic position to determine MT fate (for review, see
[12]). Fluorescently tagged +TIPs are widely used as markers
for growing MTs. The dynamic behavior of growing neuronal
MTs has mainly been analyzed by using manual tracking
protocols (e.g., [2, 13–17]). This allows assessment of MT
growth rates, but a view of overall MT behavior is still lacking.
We have developed Kymotracker, which is used in conjunction
with NeuronJ [18] and MTrackJ (for explanation, see Supple-
mental Experimental Procedures available online). Using
Kymotracker, we displayed EB3-GFP tracks in a time-lapse
imaging experiment in a distance-versus-time plot, i.e.,
a kymograph (Figures 1C–1G). Because all tracks are visual-
ized throughout a complete neurite, all MT growth events are
revealed, and a quantitative analysis can be performed on
MT growth rates, the length and duration of MT growth events,
MT rescues (or novel MT nucleation events, which cannot be
distinguished from rescues), MT catastrophe frequencies,
and pauzing events.
Qualitative and Quantitative Aspects of Axonal
Microtubule Behavior
Kymotracker-based analysis (Figure 1; Figure S1; Table S1)
reveals that the speed of EB3-GFP displacements, which
reflects MT growth rates, is constant throughout neurites,
consistent with previous results that used manual tracking [2].
It has been proposed that in small volumes, as in neurites, the
soluble tubulin pool is depleted during MT growth, resulting
in decreasing MT growth rates and, eventually, catastrophe
[19]. However, we do not observe a decreased velocity prior
to catastrophe (Figure 1; Figure S1), indicating that the tubulin
pool in neurites is not limiting. Growth rates are also
not affected by bends in neurites (Figures 1D and 1F). Further-
more, catastrophes and rescues (or MT nucleations) take
place at apparently random positions within neurites, and
in most neurons branching points do not act as catastrophe
inducers (compare tracks in Figures 1C and 1D and Figures
1F and 1G). Results are similar whether EB3-GFP or
other +TIPs are used. These data suggest that EB3-GFP
does not influence MT dynamics in a significant manner. Using
GFP-APC as a marker [20], we obtained an estimate for MT
shrinkage rates inside neurites (Figures S1F–S1H).
MT growth rates, length of growth events, and catastrophe
frequencies are 2-fold lower in neurites than in nonneuronal
cells, whereas growth rates are 5-fold higher, growth events
are three times as long, and catastrophe frequencies are
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Figure 1. A Semiautomated Method to Measure
Bulk Behavior of Growing Neuronal Microtubules
(A and A0) EB3-GFP displacements in neurons.
Hippocampal neurons, transfected with EB3-
GFP, were analyzed by confocal microscopy.
EB3-GFP expression in two neurites is shown
(the corresponding time-lapse analysis is shown
in Movie S1). Clear EB3-GFP comets are indi-
cated by arrows. The rectangle in (A) shows
a branch point and represents still images (0.5
frames per second [fps]) in (A0).
(B) NeuronJ outline of neurites. Neurite segments
N1–N4 were outlined with the ImageJ plug-in
NeuronJ. Outlines N1 and N2 are from the same
neuron, as are N3 and N4. Arrows indicate the
direction of the main EB3-GFP displacements.
Asterisks mark branch points.
(C, D, F, and G) Kymotracker rendering. Neurite
segments N1–N4 were rendered into kymo-
graphs with Kymotracker. Time (in s) is on the
vertical axis, and the neurite length (in mm) is on
the horizontal axis. EB3-GFP tracks are displayed
as diagonal lines. Red and green asterisks corre-
spond to the branch points in (B). The yellow
arrows in (F) and (G) indicate tracks that appear
to be abrogated in (G) but that are seen to actually
move into the branch displayed in (F). White
arrows indicate retrogradely moving microtu-
bules (MTs) with end-labeled EB3-GFP.
Horizontal scaling is different between the
panels.
(E) Schematic outline of EB3-GFP analysis in
kymographs. EB3-GFP displacements (i.e., MT
growth rates), rescues or nucleation events (r),
catastrophes (c), and pauzes (p) are indicated.
(H) Analysis of MT dynamics. For each outline
(N1–N4) in (B), the MT growth rate and the dura-
tion of MT growth events was calculated. Data
are shown 6 standard error of the mean (SEM).
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1024similar compared to in vitro MTs grown in the presence of EB3
[21]. In Chinese hamster ovary (CHO) cells, MTs grow persis-
tently to the membrane, over distances that exceed 20 mm,
whereas at the cell periphery they alternate between much
shorter periods of growth and shrinkage [1]. By contrast, neu-
rite MTs do not grow persistently. Thus, neuronal MTs display
a unique behavior.
It has been suggested that short MTs are transported in
axons in both directions by motor proteins [22]. If MTs are
growing while being transported, one would expect positive
(for anterograde transport) and negative (for retrograde trans-
port) deviations from the normal distribution of MT growth
rates, with, in growing neurons, a bias toward higher growth
rates because there is net addition of MTs. This was not
observed in Xenopus neurons and was used as an argument
against MTs being transported [16]. We do detect a nonnormal
distribution of MT growth rates in hippocampal neurites, with
a bias toward higher growth rates (Figure 2E). The percentage
of tracks with higher growth rates is small, and the increase in
growth rate is less than the reported velocities of motorproteins. Thus, it remains unknown
whether these tracks represent trans-
ported MTs. If so, only a minority of
MTs undergoes transport. In fact,
bleaching studies indicate that short
MTs are transported at a frequency ofw0.4 min21 [13]. This is lower than the frequency of EB3-
GFP tracks.
Because MT catastrophes and rescues (or nucleation
events) occur at random positions within a neurite and are
unlikely to have a preference for short or long MTs, this
predicts that MT size inside neurites is highly variable. Electron
microscopy (EM) studies in rat hippocampal neurons support
this conclusion [23], although the average MT length (w5 mm)
is below the average length of an EB3-GFP track (w7.5 mm).
If short MTs can move over long MTs, then small segments
might be transported and used for MT nucleation elsewhere.
In this way, MT growth and shrinkage are correlated to MT
transport and the distribution of the MT network.
Role of CLIPs in Neurite Microtubule Behavior
CLIP-115 and CLIP-170 are two related +TIPs with a redundant
role as microtubule rescue factors in CHO cells [24]. We
expressed EB3-GFP in cultured hippocampal neurons derived
from Clip1 and Clip2 knockout mice (encoding CLIP-170 and
CLIP-115, respectively [25, 26]). We found a significant
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Figure 2. Quantitative Analysis of Microtubule
Dynamics in Wild-Type and Clip Knockout
Neurons
(A) Analysis of MT growth rates. EB3-GFP and
GFP-CLIP170HIII displacements were analyzed
in hippocampal neurons derived from wild-type,
Clip1, or Clip2 knockout embryos. Average
values 6 SEM are shown.
(B) Analysis of EB3-GFP track lengths. EB3-GFP
and GFP-CLIP170HIII displacements were
analyzed as in (A). The average length of an MT
growth event (6SEM) is shown.
(C) Analysis of MT growth duration. EB3-GFP and
GFP-CLIP170HIII displacements were analyzed
as in (A). The average duration of an MT growth
event (6SEM) is shown.
(D) Distribution of MT growth rates. EB3-GFP
displacements (mm/s) were analyzed in hippo-
campal neurons derived from wild-type, Clip1,
or Clip2 knockout embryos. Frequencies of MT
growth rates are plotted.
(E) Distributions of MT growth durations.
EB3-GFP displacements (s) were analyzed in
hippocampal neurons derived from wild-type,
Clip1, or Clip2 knockout embryos. Frequencies
of MT growth durations are plotted.
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1025increase (p < 0.0001, t test) in MT growth velocities in
CLIP-deficient compared to wild-type neurons (Figure 2A;
Table S1). CLIP deficiency led to a higher growth rate of the
complete population of MTs and not to the generation of
a small, fast-growing fraction of MTs (Figure 2D). The average
length of fluorescent EB3 tracks, reflecting MT growth
distances, was also longer than in wild-type neurons
(Figure 2B; Table S1). Thus, in neurons, CLIPs are nonredun-
dant proteins. We found no correlation between a higher MT
growth rate and increased EB3-GFP track length (data not
shown). Strikingly, the duration of MT growth episodes
was the same in wild-type and CLIP-deficient neurons, lasting
w40 s (Figure 2C; Table S1). We also observed similar catas-
trophe frequencies. This ‘‘programmed’’ behavior of neuronal
MTs is unique, because it is generally assumed that catas-
trophe frequencies are inversely correlated with MT growth
velocity [27].
In vitro studies on purified MTs indicate that as an MT
switches from growth to shrinkage, it undergoes a series of
transitions at its plus end [28]. This is reflected by a non-
first-order kinetic behavior at plus ends, which in turn implies
that the distribution of MT growth times (duration) is nonexpo-
nential. The distribution of EB3-GFP growth duration times in
wild-type and knockout hippocampal neurons is also nonex-
ponential (Figure 2E). Thus, neuronal MTs resemble in vitro
grown MTs, suggesting that growing neuronal MTs must
undergo certain ‘‘events’’ before they start shrinking [28].
CLIPs do not affect these ‘‘events’’ but may influence the
MT/tubulin ratio in neurons. EM studies suggest that MTs are
longer in CLIP-115-deficient than in wild-type neurons
(Figure S2), consistent with EB3-GFP tracking data. Monte
Carlo-based computer simulations indicate that this might
be due to a different conformation or packing of MTs rather
than to a different average MT length (data not shown). Thesedata indicate that CLIP-115 is involved in determining MT
density in neurons.
Turnover of Microtubule-End Binding Sites in Neurons
Recent in vitro [3, 29] and in vivo [4] experiments have shown
that single +TIP molecules exchange rapidly (in the millisecond
range) on MT ends, whereas the turnover of MT-end binding
sites for +TIPs occurs more slowly (in the second range). The
fluorescence ‘‘comet-like’’ distribution of a +TIP on an MT
end reflects turnover of binding sites. For in vitro grown MTs,
the half-life of disappearance of +TIP binding sites (the
MT-end decoration time) is approximately 7.5 s and is
independent of MT growth rate [3, 29]. This means that, with
increasing growth rates, the comet tail length also increases,
because more binding sites are generated per second at
high MT growth rates, whereas binding sites turn over with
a fixed rate.
We initially investigated EB3-GFP fluorescence along
neurite MTs via manual measurements and found a similar
decay at different MT growth rates (Figure 3A). To examine
fluorescence decay along the length of an MT, as well as in
time, in a more accurate manner, we developed a semiauto-
mated procedure (Figures 3B–3E; see also Supplemental
Experimental Procedures), which was validated by in vitro
grown MTs coated with Mal3p-Alexa488 (Figure S3; [3]). Anal-
ysis on kymographs of high (0.3 mm/s) and average (0.16 mm/s)
MT growth rates shows that fluorescence decay over the MT
(Figure 3D) is similar in neurons with different EB3-GFP growth
speeds (comet tail length w0.3 mm). Fluorescence decay in
time (Figure 3E) is also similar with a half-life of disappearance
of w2 s (note that this value is less accurate because time-
lapse movies were acquired at 0.5 frames per second [fps]).
Our data indicate that differences in MT growth speed do not
affect EB3 binding site turnover at neuronal MT ends. This
BFI over MT
FI
 in
 ti
m
e
0.0 0.5 1.0 1.5 2.0 2.5
length
(µm)
0.0
0.2
0.4
0.6
0.8
1.0
0 5 10 15 20 25 30
time
(s)
0.0
0.2
0.4
0.6
0.8
1.0
n
o
rm
a
liz
ed
flu
or
es
ce
nc
e 
in
te
ns
ity 0.16 µm / s
0.3 µm / s
0.16 µm / s
0.3 µm / s
D E
C
0.3 µm / s
0.16 µm / s
0.0 0.5 1.0 1.5 2.0
length (µm)
0.0
0.2
0.4
0.6
0.8
1.0
0.18 µm/s 
0.47 µm/s (Clip170-deficient)
0.27 µm/s (Clip170-deficient)
0.35 µm/s (Clip170-deficient)
0.33 µm/s
0.19 µm/s
A
n
o
rm
a
liz
ed
 fl
uo
re
sc
en
ce
 in
te
ns
ity
Figure 3. Analysis of the Fluorescence Decay of EB3-GFP Comets at
Neuronal Microtubule Ends
(A) Fluorescence decay of EB3-GFP at MT ends. The fluorescence decay
intensity of EB3-GFP along the MT end was analyzed by hand in hippo-
campal neurons derived from wild-type or Clip1 knockout embryos. MT
growth rates are indicated.
(B–E) Fluorescence decay of EB3-GFP. The fluorescence intensity (FI) of
EB3-GFP at MT ends was analyzed in hippocampal neurons derived from
wild-type embryos. Diagonals in kymographs, representing EB3-GFP fluo-
rescence at the ends of growing MTs, were traced with NeuronJ. In (B),
MTs are growing with 0.3 mm/s, whereas in (C), MTs grow with 0.16 mm/s.
The dotted line shows the area of the diagonal that was analyzed. Pixel
intensities are calculated for pixels on a horizontal line to the right and left
of the pixel of highest intensity on the diagonal (FI over MT) and for pixels
on a vertical line above and below the pixel of highest intensity on the
diagonal (FI over time). This procedure is repeated for a large number of
points on the diagonal, and an average fluorescence intensity over the MT
(D) and over time (E) is calculated.
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1026newly observed behavior differs from that of in vitro grown
MTs [3, 29].
Recent data suggest that the ‘‘cap’’ of GTP-bound tubulin
subunits at the MT end, which protects against catastrophe,
may turn over in an exponential manner [30], similarto +TIPs. If this is correct and EB proteins recognize the
‘‘cap’’ [31], then our data indicate that in neurite MTs, GTP
hydrolysis and/or the turnover of +TIP binding sites depends
on the position of the tubulin subunit within the MT and not
on the growth rate of the MT.EB1 Affects Microtubule Plus Ends in Neurites
EB1 is the core +TIP, because the protein interacts with most
other +TIPs [5] and tracks MT ends autonomously [3, 29]. We
therefore tested the influence of EB1 on neuronal MT
dynamics. Unfortunately, we were unable to simultaneously
knock down EB1 and express GFP-CLIP-170 (to mark growing
MT ends) in hippocampal neurons. We therefore used N1E-115
neuroblastoma cells, which grow neurite-like extensions upon
serum withdrawal [32]. Of the four small hairpin RNAs
(shRNAs) against EB1, shRNA2 and shRNA3 appear to be
most effective in depleting EB1 (Figure 4C). Immunofluores-
cence analysis confirms that EB1 levels are significantly
reduced in cells transfected with shRNA3 (Figures 4A–4B0).
To test the effect of EB1 on MT dynamics, we cotransfected
N1E-115 cells with control or EB1 shRNAs together with GFP-
CLIP-170, whose behavior was analyzed with Kymotracker
(Figures 4D–4F; Movie S2). In N1E-115 neurites, MT growth
rates were constant, and catastrophes and rescues or nucle-
ation events occurred at random positions (Figure 4D, top),
as in axons. EB1 knockdown affected MT dynamics in multiple
ways. First, we sometimes observed oscillating MTs, in which
GFP-CLIP-170 also remained associated with shrinking MTs
(Figure 4D, bottom kymograph). This behavior was previously
seen in GFP-CLIP-170-expressing HeLa cells treated with low
doses of taxol [4] and suggests that MT end structure is
affected. Second, whereas MT growth speed and the length
of MT growth events were reduced in EB1 knockdown cells,
the duration of MT growth events was increased (Figure 4E).
Interestingly, EB1 knockdown also resulted in a 2-fold reduc-
tion of neurite length (Figure 4E, right), demonstrating the
important role played by EB1 in neuronal differentiation.
We next measured GFP-CLIP-170 fluorescence decay
in control and shRNA3-treated cells. Knockdown of EB1 led
to a decrease in GFP-CLIP-170 fluorescence at MT ends
(Figure 4F), indicating that there are less CLIP-170 binding
sites at MT ends in the absence of EB1.
Our data reveal that history-dependent catastrophes regu-
late neurite MT behavior. By contrast, in CHO cells, MTs
grow persistently toward the plasma membrane, which serves
as a major catastrophe-inducing barrier. EB1 function in
N1E-115 resembles its in vitro role [6, 21], whereas this is not
the case for EB1 and EB3 in CHO cells [21]. In N1E-115 cells,
EB1 enhances MT growth rate and increases catastrophe
frequency. Its role in neurite length determination might be
related to this ‘‘core’’ function. EB1 may act by stimulating
specific ‘‘events’’ at MT ends [28], for example, conformational
changes and/or GTP hydrolysis (Figure 4G). In contrast to EB1,
CLIPs do not influence MT end structure in neurons. Instead,
these proteins might alter the MT/tubulin ratio, thereby
affecting MT growth rates.Supplemental Information
Supplemental Information includes Supplemental Experimental Proce-
dures, three figures, one table, and two movies and can be found with this
article online at doi:10.1016/j.cub.2010.04.024.
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Figure 4. Analysis of Microtubule Dynamics in Normal and
EB1 Small Hairpin RNA-Treated N1E-115 Cells
(A–B0) EB1 staining in differentiated N1E-115 cells. Cells were
transfected with a control small hairpin RNA (shRNA) (A) or
EB1 shRNA3 (B). After 2 days, cells were differentiated to
allow neurite extension. Cells were subsequently fixed and
stained with anti-EB1. The insets in (A) and (B) are shown
enlarged in (A0) and (B0).
(C) Western blot analysis of EB1 levels. N1E-115 cells were
transfected with the indicated shRNAs and treated as in
(A). Cells were harvested and analyzed for EB1 expression.
Fibrillarin was used as a loading control.
(D) Kymotracker rendering of N1E-115 neurites. N1E-115
cells were simultaneously transfected with control or EB1
shRNAs and with GFP-CLIP-170. After 2 days, cells were
differentiated. One day later, cells were analyzed for GFP-
CLIP170 displacements in neurites. Two kymograph exam-
ples are shown.
(E) Effect of EB1 knockdown in N1E-115 cells. Cells were
treated as in (D). Kymotracker-based analysis of MT
dynamics is shown in the left three panels (>100 tracks
measured for each condition). Neurite length measurements
are shown on the right (97 neurites counted for control
shRNA-treated cells, 90 neurites counted for shRNA3-
treated cells). Data are shown6 SEM, ***p < 0.001, **p < 0.05.
(F) Semiautomated analysis of the fluorescence decay of
GFP-CLIP-170. The fluorescence intensity of GFP-CLIP-170
at MT ends was analyzed in N1E-115 neurites treated as
in (D) via the protocol described in Figure 3. Data are shown6
SEM (n = 6 for control shRNA-treated cells, n = 4 for shRNA3-
treated cells; note that each independent experiment
consists of >15 averaged measurements).
(G) Effect of EB1 and CLIPs on MT dynamics. The transition
from a growing to a shrinking axonal MT occurs via
intermediate ‘‘events’’ [28] (e.g., GTP hydrolysis [6] and the
disappearance of +TIP binding sites), which are affected by
EB1. The relationship between and order of ‘‘events’’ is not
clear. CLIPs may affect the MT/tubulin ratio.
History-Dependent Axonal Microtubule Catastrophes
1027Acknowledgments
We would like to thank P. Bieling and T. Surrey for providing data on the
in vitro behavior of Mal3p-Alexa488 at MT ends. We would also like to thank
Y. Mimori-Kiyosue for GFP-tagged APC. This work was supported by the
Netherlands Organization for Scientific Research (NWO), the Dutch Cancer
Society (KWF), and the Dutch Ministry of Economic Affairs (neuro-BSIK).
Received: September 20, 2009
Revised: April 5, 2010
Accepted: April 7, 2010
Published online: May 13, 2010
References
1. Komarova, Y.A., Vorobjev, I.A., and Borisy, G.G. (2002). Life cycle of
MTs: Persistent growth in the cell interior, asymmetric transition
frequencies and effects of the cell boundary. J. Cell Sci. 115, 3527–3539.
2. Stepanova, T., Slemmer, J., Hoogenraad, C.C., Lansbergen, G.,
Dortland, B., De Zeeuw, C.I., Grosveld, F., van Cappellen, G., Akhma-
nova, A., and Galjart, N. (2003). Visualization of microtubule growth in
cultured neurons via the use of EB3-GFP (end-binding protein 3-green
fluorescent protein). J. Neurosci. 23, 2655–2664.
3. Bieling, P., Laan, L., Schek, H., Munteanu, E.L., Sandblad, L., Dogterom,
M., Brunner, D., and Surrey, T. (2007). Reconstitution of a microtubule
plus-end tracking system in vitro. Nature 450, 1100–1105.4. Dragestein, K.A., van Cappellen, W.A., van Haren, J., Tsibidis, G.D.,
Akhmanova, A., Knoch, T.A., Grosveld, F., and Galjart, N. (2008).
Dynamic behavior of GFP-CLIP-170 reveals fast protein turnover on
microtubule plus ends. J. Cell Biol. 180, 729–737.
5. Lansbergen, G., and Akhmanova, A. (2006). Microtubule plus end: A hub
of cellular activities. Traffic 7, 499–507.
6. Vitre, B., Coquelle, F.M., Heichette, C., Garnier, C., Chre´tien, D., and
Arnal, I. (2008). EB1 regulates microtubule dynamics and tubulin sheet
closure in vitro. Nat. Cell Biol. 10, 415–421.
7. Mitchison, T., and Kirschner, M. (1984). Dynamic instability of microtu-
bule growth. Nature 312, 237–242.
8. Janson, M.E., de Dood, M.E., and Dogterom, M. (2003). Dynamic insta-
bility of microtubules is regulated by force. J. Cell Biol. 161, 1029–1034.
9. Baas, P.W., and Ahmad, F.J. (1992). The plus ends of stable microtu-
bules are the exclusive nucleating structures for microtubules in the
axon. J. Cell Biol. 116, 1231–1241.
10. Baas, P.W., Deitch, J.S., Black, M.M., and Banker, G.A. (1988). Polarity
orientation of microtubules in hippocampal neurons: Uniformity in the
axon and nonuniformity in the dendrite. Proc. Natl. Acad. Sci. USA 85,
8335–8339.
11. Schuyler, S.C., and Pellman, D. (2001). Microtubule ‘‘plus-end-tracking
proteins’’: The end is just the beginning. Cell 105, 421–424.
12. Akhmanova, A., and Steinmetz, M.O. (2008). Tracking the ends:
A dynamic protein network controls the fate of microtubule tips. Nat.
Rev. Mol. Cell Biol. 9, 309–322.
Current Biology Vol 20 No 11
102813. Ahmad, F.J., He, Y., Myers, K.A., Hasaka, T.P., Francis, F., Black, M.M.,
and Baas, P.W. (2006). Effects of dynactin disruption and dynein deple-
tion on axonal microtubules. Traffic 7, 524–537.
14. Jaworski, J., Kapitein, L.C., Gouveia, S.M., Dortland, B.R., Wulf, P.S.,
Grigoriev, I., Camera, P., Spangler, S.A., Di Stefano, P., Demmers, J.,
et al. (2009). Dynamic microtubules regulate dendritic spine morphology
and synaptic plasticity. Neuron 61, 85–100.
15. Lee, H., Engel, U., Rusch, J., Scherrer, S., Sheard, K., and Van Vactor, D.
(2004). The microtubule plus end tracking protein Orbit/MAST/CLASP
acts downstream of the tyrosine kinase Abl in mediating axon guidance.
Neuron 42, 913–926.
16. Ma, Y., Shakiryanova, D., Vardya, I., and Popov, S.V. (2004). Quantitative
analysis of microtubule transport in growing nerve processes. Curr.
Biol. 14, 725–730.
17. Zheng, Y., Wildonger, J., Ye, B., Zhang, Y., Kita, A., Younger, S.H.,
Zimmerman, S., Jan, L.Y., and Jan, Y.N. (2008). Dynein is required for
polarized dendritic transport and uniform microtubule orientation in
axons. Nat. Cell Biol. 10, 1172–1180.
18. Meijering, E., Jacob, M., Sarria, J.C., Steiner, P., Hirling, H., and Unser,
M. (2004). Design and validation of a tool for neurite tracing and analysis
in fluorescence microscopy images. Cytometry A 58, 167–176.
19. Janulevicius, A., van Pelt, J., and van Ooyen, A. (2006). Compartment
volume influences microtubule dynamic instability: A model study. Bio-
phys. J. 90, 788–798.
20. Mimori-Kiyosue, Y., Shiina, N., and Tsukita, S. (2000). Adenomatous
polyposis coli (APC) protein moves along microtubules and concen-
trates at their growing ends in epithelial cells. J. Cell Biol. 148, 505–518.
21. Komarova, Y., De Groot, C.O., Grigoriev, I., Gouveia, S.M., Munteanu,
E.L., Schober, J.M., Honnappa, S., Buey, R.M., Hoogenraad, C.C., Dog-
terom, M., et al. (2009). Mammalian end binding proteins control persis-
tent microtubule growth. J. Cell Biol. 184, 691–706.
22. Baas, P.W., Vidya Nadar, C., and Myers, K.A. (2006). Axonal transport of
microtubules: The long and short of it. Traffic 7, 490–498.
23. Yu, W., and Baas, P.W. (1994). Changes in microtubule number and
length during axon differentiation. J. Neurosci. 14, 2818–2829.
24. Komarova, Y.A., Akhmanova, A.S., Kojima, S., Galjart, N., and Borisy,
G.G. (2002). Cytoplasmic linker proteins promote microtubule rescue
in vivo. J. Cell Biol. 159, 589–599.
25. Akhmanova, A., Mausset-Bonnefont, A.-L., van Cappellen, W., Keijzer,
N., Hoogenraad, C.C., Stepanova, T., Drabek, K., van der Wees, J.,
Mommaas, M., Onderwater, J., et al. (2005). The microtubule plus-
end-tracking protein CLIP-170 associates with the spermatid man-
chette and is essential for spermatogenesis. Genes Dev. 19, 2501–2515.
26. Hoogenraad, C.C., Koekkoek, B., Akhmanova, A., Krugers, H.,
Dortland, B., Miedema, M., van Alphen, A., Kistler, W.M., Jaegle, M.,
Koutsourakis, M., et al. (2002). Targeted mutation of Cyln2 in the
Williams syndrome critical region links CLIP-115 haploinsufficiency
to neurodevelopmental abnormalities in mice. Nat. Genet. 32, 116–127.
27. Walker, R.A., O’Brien, E.T., Pryer, N.K., Soboeiro, M.F., Voter, W.A.,
Erickson, H.P., and Salmon, E.D. (1988). Dynamic instability of individual
microtubules analyzed by video light microscopy: Rate constants and
transition frequencies. J. Cell Biol. 107, 1437–1448.
28. Odde, D.J., Cassimeris, L., and Buettner, H.M. (1995). Kinetics of micro-
tubule catastrophe assessed by probabilistic analysis. Biophys. J. 69,
796–802.
29. Bieling, P., Kandels-Lewis, S., Telley, I.A., van Dijk, J., Janke, C., and
Surrey, T. (2008). CLIP-170 tracks growing microtubule ends by dynam-
ically recognizing composite EB1/tubulin-binding sites. J. Cell Biol. 183,
1223–1233.
30. Schek, H.T., 3rd, Gardner, M.K., Cheng, J., Odde, D.J., and Hunt, A.J.
(2007). Microtubule assembly dynamics at the nanoscale. Curr. Biol.
17, 1445–1455.
31. Zanic, M., Stear, J.H., Hyman, A.A., and Howard, J. (2009). EB1 recog-
nizes the nucleotide state of tubulin in the microtubule lattice. PLoS
ONE 4, e7585.
32. Rodrigues, J.M., Luı´s, A.L., Lobato, J.V., Pinto, M.V., Lopes, M.A.,
Freitas, M., Geuna, S., Santos, J.D., and Maurı´cio, A.C. (2005). Determi-
nation of the intracellular Ca2+ concentration in the N1E-115 neuronal
cell line in perspective of its use for peripheric nerve regeneration.
Biomed. Mater. Eng. 15, 455–465.
